ABSTRACT: The micro-organisms which colonise seawater incubated with mucilage from the kelps Ecklonia maxima or Laminaria pallida show a clear succession. The media are first colonised by bacterial cocci followed by rods which are subsequently replaced by flagellates and ciliates whose combined biomass reaches some 6-10 % of that of the bacteria. The maximal biomass of bacteria is achieved in 7-10 d incubation at 10 "C but is dependent both on the time of appearance and biomass of the flagellate and ciliate populations. Estimates for the rate of consumption of bacteria by flagellates of only 10 pm3 body volume suggest that mineralisation of bacteria by marine microflagellates may considerably exceed that in larger organisms at higher trophic levels.
INTRODUCTION
There have been several studies on the micro-organisms associated with the surface of marine macrophytes and sea grasses (Sieburth and Thomas, 1973; Laycock, 1974; Cundell et al., 1977; Mazure and Field, 1980) . There are also many reports on the role of such micro-heterotrophs in the degradation of particulate debris (Fenchel, 1970; Meyers and Hopper, 1973; Fenchel and Jsrgensen, 1976; Newell, 1979) although their quantitative significance is often difficult to assess because some studies have used plate techniques, whilst others have involved direct methods such as epifluorescence and scanning E-M observations.
Despite a recent study by Ducklow (1977) on microorganisms associated with mucus from corals, and the extensive work on freshwater and terrestrial ecosystems (Kaushik and Hynes, 1971; Lock and Hynes, 1976; Hayes, 1979) , there are no studies comparable to those for particulate matter on the role of microheterotrophs in the degradation of the complex dissolved organic components released as mucilage by marine ' Present address: Institute for Marine Environmental Research, Prospect Place, Plymouth PL1 3DH, England macrophytes (Newel1 et al., 1980) . Observations on the role of microheterotrophs in the utilisation of dissolved organic matter have been largely confined to the fate of simple I4C-labelled organic compounds and extracellular products from phytoplankton under culture conditions (for review see Fenchel and Jsrgensen, 1976; Larsson and Hagstrom, 1979) . The present study was therefore designed to determine the quantitative significance of microheterotrophic utilisation of exudates from kelp; it was carried out synchronously with the chemical assays described in a subsequent paper (Lucas et al., 1981) . This allowed some estimates to be made of the importance of micro-organisms in the transfer of energy from the dissolved components of primary production by marine macrophytes to higher trophic levels in nearshore communities.
MATERIAL AND METHODS

Fronds of Ecklonia maxima and Laminaria pallida
were collected from a kelp bed at Kommetjie on the west coast of the Cape Peninsula, South Africa, and were taken rapidly to the laboratory. Mucilage was drained from portions of the frond over a period of 6 h into covered sterilised funnels connected to l l flasks held at 10°C. Lysis of cells was encouraged by the addition of distilled water and the mucilage samples were subsequently frozen and freeze-dried. The freeze-dried mucilage was then milled to a powder and used in three series of incubation experiments each consisting of 3 l l experimental flasks containing mucilage powder, and freshly collected coarse filtered (62 pm) seawater from Kommetjie.
Additions of dry mucilage to the seawater were based on earlier analyses of mucilage and on the wet weight:dry weight ratio of mucilage (Newel1 et al., 1980) to give a 1:10 dilution of the original wet mucilage in seawater. Two experimental series were set up using seawater collected in August (winter); one contained 6.4 g 1-' mucilage from Ecklonia maxima and the other contained 7.2 g 1-' mucilage from Laminaria pallida. A third also contained 7.2 g l-' mucilage from L. pallida but was incubated with seawater from the kelp bed collected during January (summer). Control flasks containing coarse filtered seawater from the same source were set up for each mucilage incubation.
Incubation vessels were held at 10 ' C , illuminated with a 12 h 1ight:dark regime and aerated by means of a pump which drew 0 . 2 p filtered air through the vessels in series. Maintenance of a sterile air flow was ensured by inserting a flask containing 0.2 pm filtered and autoclaved seawater after the air supply and monitoring this at daily intervals by AODC. Contamination between successive vessels was minimised by inserting cottol wool plugs into the connecting tubes between each vessel, and by placing the unsterilised flasks last in the series.
Daily samples were taken into sterile 20 m1 scintillation vials for AODC of micro-organisms, scanning electron microscopy, and for analysis of the chemical composition of the incubation media. These latter data are reported in a subsequent paper by Lucas et al. (1981) .
Assessment of Micro-Organism Numbers and Biomass
The epifluorescence technique of acridine orange direct counting (AODC) is widely considered to be the most reliable method of estimating the numbers of free-living micro-organisms (Jones and Simon, 1975; Bowden, 1977; Hobbie et al.. 1977) and it seems likely that this method has yielded accurate data where cell densities are comparable with those in natural environments. However, the addition of dried kelp mucilage to natural seawater created two main conditions which made AODC difficult to perform. First, during the early stages of incubation bacteria remained embedded in, and obscured by, colloidal mucus. Second, as densities increased to 107-108 cells ml-' following utilisation of the mucilage, time-consuming dilutions and adjustments to stain concentration became necessary, probably incurring further inaccuracies. However, counts performed from scanning electron micrographs of mucilage enriched samples demonstrated good agreement between the two methods for assessing numbers of micro-organisms (see also Bowden, 1977) . Consequently, the AODC method has been used throughout for counting microorganisms, and scanning electron micrographs for their identification and measurement of cell dimensions for biomass estimates.
Acridine Orange Direct Counts of Micro-Organisms
The method for staining micro-organisms with acridine orange was modified from that of Hobbie et al. (1977; see also Field et al., 1980) . Known volumes of sample were incubated in a sterile test tube for 3 min with an equal volume of aqueous acridine orange (10 mg 1-l) fixed with 4 % 0 . 4 5 , m filtered formaldehyde (final concentration) to inhibit bacterial growth. Where necessary, the samples were diluted with 0.2pm filtered sterile seawater. Controls of stain plus dilution water were run daily. Meanwhile polycarbonate Nuclepore filters (47 mm diameter; 0.2 pm pore size) were stained before use to reduce background fluorescence by soaking for 10 min in 2 g Irgalan Black 1-I of 2 % acetic acid (Hobbie et al., 1977) . The filters were then rinsed twice in distilled water and kept covered in distilled water until use.
Filtration was carried out on Millipore pads (AP 1004751) with a few drops of 1 % Photoflo placed above and below the filter as a surfactant. A vacuum was applied to wet the filter and the sample was filtered using a vacuum of less than 0.8 atm. The moist filters were stored on damp pads prior to use. Portions of the filter were then placed on a drop of non-fluorescent low viscosity immersion oil on a glass microscope slide, a drop of oil was placed on top, and the filter covered with a glass cover slip. Bacteria were viewed at a magnification of 1000 X with a Zeiss microscope fitted with a n epifluorescence condenser, HBO 50 W mercury burner, 455-500 band-pass exciter filter, 510 beam splitter and LP 520 barrier filter. The field diameter was adjusted so that 15-30 bacteria were viewed and the numbers (N) calculated from counts of 20 randomly-chosen fields using the expression:
where S = working surface area of the filter, mm2; S = surface area of the field of observation, pm2; V = volume of sample filtered, ml; n = average number of cells per field.
Scanning Electron Microscopy
Preparation of seawater and mucilage enriched samples for scanning electron microscopy was based on a combination of methods described by Paerl (1975) , Bowden (1977), and Todd and Kerr (1972) . Samples of 20 m1 were placed in autoclaved scintillation vials and glutaraldehyde added to a final concentration of 1.5 %. The fixed samples were stored in the dark at 5 "C prior to use. Known volumes of sample were filtered onto 25 mm diameter polycarbonate Nuclepore membranes with 0 . 2~ pore diameter. Cores of l cm diameter were punched in the damp membranes and inserted between two ring magnets, to hold the filter taut, and immediately transferred to 100 % artificial seawater. The samples were desalinated by holding for 10 min each in 90, 75, 50, and 25 % artificial seawater plus distilled water which had been autoclaved and filtered through a 0.2pm filter prior to use, followed by two washes of distilled water. The samples were then dehydrated by holding for 30 min in each of an ascending alcohol series increasing in 10 % steps from 10 % to 100 % and ending in a final wash in 100 % ethanol. Finally, the samples were critical point dried (see Anderson, 1951) , mounted on SEM stubs, sputter coated with 200 A gold paladium, and stored in a desiccator until viewed with a Cambridge Stereoscan 180 scanning electron microscope, at an accelerating voltage of 25 kV.
Scanning electron micrographs were used to determine the relative numbers of rods and cocci, measure cell dimensions and estimate the average volume of rods and cocci, diatoms, flagellates and ciliates. Biomass was then calculated from cell numbers (N) using the expression described on p. 32.
where N = the number of cells.ml-' ( X 106); V = the mean volume of the cells (pm3); S.G = the specific gravity of the cells; r = rods; c = cocci.
The specific gravity of bacteria was assumed to be 1.1 (Luria, 1960) whilst that of flagellates and diatoms was taken to be similar to that of Dunaliella, which has a mean specific gravity of 1.0425, whilst that of ciliates was taken to be similar to that of Paramecium which has a mean specific gravity of 1.0375 (Calkins and Summers, 1941) . The mean volumes of bacteria were similar in media containing mucilage from both Ecklonia maxima and Laminaria pallida, but varied considerably in winter and summer incubation experiments (0.14 pm3 and 0.44 pm3, respectively). Volumes of flagellates were in the range of 2.57 to 57.91 ,urn3; of ciliates, 10.55 to 1363 pm3. Dry biomass and the carbon equivalent of the wet biomass can be calculated using the coefficients 0.2 and 0.1, respectively (Luria, 1960; Troitsky and Sorokin, 1967 ; see also Sorokin and Kadota, 1972) .
RESULTS
Microbial Communities Associated with the Degradation of Kelp Mucilage
Two major series of experiments were carried out on the micro-organisms associated with kelp mucilage cultured in the laboratory in seawater freshly collected from the kelp bed at Kommetjie, on the west coast of the Cape Peninsula, South Africa. The first series was carried out over periods of 10 d in August 1979 (winter) using the combination of AODC and SEM techniques described on p. 32. During this and other incubation work it became apparent that a longer culture period was desirable since some organisms such as ciliates appeared in the cultures during the last few days of the incubation period. Mazure (1978) has also found a definite seasonality in species composition and relative abundance of morphological types in the microbial community of kelp bed seawater. In the winter, bacterial numbers are low and are dominated by cocci, whereas in summer bacterial numbers are higher and species composition may be different to that in winter. The types of micro-organisms in the initial inoculum may thus largely determine the nature of the assemblage which develops following the addition of kelp mucilage under laboratory conditions. A second series of experiments was therefore carried out using the same medium, but seawater collected from the kelp bed in February 1980 (summer) and incubated over a period of 28 d.
Winter Incubation Experiments
The results of the first series of incubation experiments are summarised in Table l which shows the counts of micro-organisms in control vessels of seawater freshly collected from the kelp bed in winter, and in seawater samples which had been enriched with either 6.4 g 1-l dried mucilage from Ecklonia maxima or 7.2 g 1-' mucilage from Laminaria pallida, respectively.
Seawater control samples contained mainly a mixed assemblage of small bacterial rods and cocci which increased in numbers from approximately 1.5 X 106 cells ml-I to 6.9 X 106 cells ml-l over a period of 7 d incubation at 10 "C and subsequently declined, until The principal genera of diatoms included Nitzschia, Thalassiosira, Asterionella (A. glacialis), and Skeletonerna; the population was low or absent during the first 4 d but increased to as many as 17.6 X 103 cells ml-l over the 10 d incubation period. Acridine orange direct counts of the assemblage of micro-organisms thus show some indication of a sequential succession of bacteria, flagellates and diatoms under culture conditions in control vessels containing freshly collected seawater from the kelp bed. The effects of the addition of 6.4 g 1-' of dried mucilage from Ecklonia maxima and 7.2g 1-' from Laminaria pallida are shown in Table 1 . It is evident that both the numbers and variety of organisms are affected by the presence of added kelp mucilage. Bacterial numbers were almost 100 X higher than in control samples and reached their maximum abundance on Day 7-8 before declining. Further, there is some indication, especially in samples incubated with mucilage from L. pallida, that cocci reach their peak abundance and decline before the rods become abundant. Flagellates occurred only at the end of the experimental period and, like the bacteria, reached higher numbers than in the control vessels. They were mainly represented by phagotrophic and creeping forms similar to Bodo edax and Rynchomonas nausta (Sieburth, 1979) . Finally, diatoms failed to appear in either series of vessels, but occasional ciliates were observed towards the end of the 10d incubation period. A series of scanning electron micrographs of typical elements of the microbial succession which develops in the presence of kelp mucilage is shown in Figure 1 .
The results suggest, therefore, that the addition of kelp mucilage to a concentration of approximately 6.4-7.2g 1 -I results in the inhibition of some components of the mixed assemblage of micro-organisms in natural seawater, and at the same time provides a substrate for the rapid development of a large population of bacterial rods and cocci. These, rather than the dissolved organic matter from the kelp mucilage, may then provide an energy resource for other heterotrophs, including the flagellates which appear at a later stage in the incubation experiments. Whether the sequential development of rods and cocci, and their decline after 8 d , coincides with the utilisation of one or all of the substrates available in the mucilage is reported In a subsequent paper (Lucas et al., 1981) . It is significant, however, that incubation for up to 30 d in 5 . 8 9 1-' mannitol, which is one important component of kelp mucilage (Newel1 et al., 1980) , results in no significant increase in bacterial numbers compared with natural seawater. This suggests that some other component of kelp mucilage, such as available nitrogen, may act as a limiting resource for the bacteria which colonised the mucilage in our incubation experiments. A rather similar result has been obtained by Ducklow (1977) who found that the number of colonies of Vjbrio alginolyticus per m1 of culture containing mucilage from the coral Heteroxenia was approximately 150 times that in glucose medium. particulate debris from the marine grass Thalassia 1-' of dried mucilage from Laminaria pallida and incu- (Fenchel, 1970) . bated for 28d -is shown in Table 2 . As in earlier incubation experiments, an initial major increase in bacterial numbers is apparent which after 5 d becomes Biomass of Micro-Organisms Associated with the dominated by large rods with a mean volume of Degradation of Kelp Mucilage 0.49 pm3. The population of bacteria reached its maximum abundance in 9 d after which it declined and was Although the numbers of micro-organisms which replaced by a population of flagellates (mainly organdevelop in the incubation media show a clear succesisms similar to Monas, Oikomonas, Bodo and Rynsion with maximal bacterial numbers after 7-9d folchomonas) and ciliates (including types similar to lowed by an increase in the flagellate and ciIiate Uronerna, Cyclidium and Euplotes). The elements of populations, the data give little indication of the the microbial succession noted in the winter seawater energy transfer unless the micro-organism biomass is samples thus occur in the summer seawater incubation known. This can be calculated from the cell numbers, experiments but ciliates, which were noted only in the dimensions, and the specific gravity of the component later stages of the winter samples, emerged as the cells (see p. 33) major organisms (mg 1-l) by Day 14 of the summer
The biomass figures calculated from AODC counts incubation. The relative abundance of the different and SEM measurements of cell dimensions in the seacomponents of the microbial community over the incuwater samples containing 6.4-7.2 g l-' of mucilage
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v. -. . .' . heterotroph biomass, even though their mean volume (0.28 pm3) was rather small compared with the summer forms (0.49 pm3). The longer term measurements made on seawater samples collected and incubated with Laminaria mucilage during the summer are summarised in Table 4 . Despite the similarity in numbers and time sequence of mlcroheterotroph organisms to those which occur in the winter samples, the differences in bacterial biomass are striking. The three-fold increase in bacterial biomass in summer over winter samples is mainly attributable to the larger size of the bacterial rods, whose mean volume was 0.49pn3. Bacteria thus dominated the community, especially over the first 12-13d, and were subsequently replaced by a mixed assemblage of flagellates and ciliates which together attained a maximum biornass of approximately 11 % of that of the bacteria on Day 14.
It is significant that, as is shown in Figure 3 , the decline in bacterial biomass coincided with the appearance of ciliates and flagellates, many of which are known to graze on bacteria (see Fenchel, 1969 Fenchel, , 1970 and which probably limit the bacterial biomass in the incubation media.
Conversion of Kelp Mucilage to Heterotroph Biomass
The data summarised in Tables 3 and 4 showing the dry biomass of micro-organisms in seawater controls and in incubation media to which mucilage from Ecklonia maxima and Laminaria pallida had been added may be used to estimate the conversion of kelp mucilage into bacteria and Protozoa through the microheterotrophic food chain. Tables3 and 4 additionally show the net increase in microbial biomass following the addition of 6.4 g l-' dried mucilage from E. maxima and 7.2 g 1-' from L. pallida over a period of 10 d in the winter incubation series and up to 28 d for the summer series.
The maximal bacterial biomass is formed in some 7-10d, but is clearly dependent on both the time of appearance and biornass of the flagellate and ciliate populations. In the winter incubation experiments, for example, flagellates appeared on Day 5.5 in the Ecklonia maxima mucilage incubation and became sufficiently abundant on Day 6-7 to be estimated quantitatively. On the other hand, flagellates appeared first only on Day 7.5 in the Laminaria pallida incubation and could be estimated quantitatively on Day 7-8 by which time the bacterial population was approximately 30 % larger than the maximum achieved in the E. maxima mucilage. The population of flagellates then increased rapidly and exceeded that in the E. maxima mucilage before declining on Day 11. FinpLly, in the summer incubation experiments on L. pallida mucilage, flagellates and ciliates appeared almost synchronously on Days 10-11 by which time the bacterial population was almost 3 X the maximum biomass formed when the same mucilage was incubated in seawater collected during the winter. This was followed by the appearance of a large mixed population of flagellates and ciliates whose combined grazing activity reduced the bacterial population to a negligible biomass in approximately 10 d. The relationship between the maximal bacterial biomass formed under incubation conditions and the maximal flagellate and ciliate biomass is shown in Figure 4 . In order to estimate the conversion efficiency of kelp mucilage into bacterial biomass, it is clearly necessary to determine both substrate utilisation and bacterial biomass synchronously. These data are reported in the subsequent paper by Lucas et al. (1981) . It is, however, possible from the present data to estimate the maximal population of Protozoa which is associated with the bacterial population under these culture conditions. These data, summarised in Table 5 , reveal that the maximum biomass formed by the flagellates and ciliates ranges from 5 to 11 % of the maximal bacterial population.
CONCLUSION
Micro-organisms which colonise incubation media containing mucilage from the kelps Ecklonia maxima and Laminaria pallida show a clear succession. The mucilage is first colonised by bacterial cocci followed by rods which are subsequently replaced by flagellates and ciliates whose combined biomass reaches some 6 to 10 % of that of the bacteria. Similar sequential colonisation of plant debris has been widely reported in the literature on freshwater ecosystems (e.g. Kaushik and Hynes, 1971; Bick and Miiller, 1973; Lock and Hynes, 1976; Hayes, 1979) . It seems likely that these common patterns are due mainly to the fact that higher trophic levels in the microheterotrophic food chain are dependent on the initial establishment of primary decomposers such as fungi and bacteria. These may, in turn, represent important components in the transfer of energy to higher trophic levels through grazing flagellates and ciliates to copepods and fishes (see Berk et al., 1976 Berk et al., , 1977 Berk and Colwell, 1981) .
The sequential appearance of grazing flageIlates in our incubation media also gives some indication of the rate of consumption of bacteria by flagellates. Figure 5 shows the curve obtained for bacterial biomass in the absence of ciliates or flagellates; superimposed are curves illustrating the biomass of bacteria in each of the incubation experiments in the presence of known increasing biomass of flagellates and ciliates (see also Tables3 and 4). Clearly, in the case of the Ecklonia maxima incubation experiment, the biomass of bacteria was held almost constant over a period of 4 d during which time the predator biomass was sustained by bacterial production and increased from 0.215 mg 1-' to 1.143mg I-'. In both of the Laminaria pallida incubation experiments, however, the population of flagellates and ciliates increased so rapidly that the population of bacteria diminished sharply; presumably the bacterial production was unable to meet the demands of the predator population. Burkill (1978) has found that the daily consumption of the ciliate Uronema marinum from Southampton water is approximately 6 X its body weight day-', estimated for a ciliate of 1000 pm3. In contrast, the body volume of the small flagellates which colonised the incubation media containing mucilage from Ecklonia maxima had a mean volume of only 9 . 9 4 p 3 . Since consumption and metabolism follow a well-known size dependent relationship of it is likely that grazing and subsequent mineralisation of marine bacteria by the micro-flagellates approaches 35 X the body weight day-', and thus may considerably exceed that by the large Protozoa at higher trophic levels.
